The spin-orbit coupling for 5d-electrons in heavy transition metal oxides, ~ 0.5 eV, is comparable to other relevant energy scales, such as the crystal-field splitting. This gives rise to a strong entanglement of spin and orbital moments and the formation of spin-orbital entangled objects, often described by a total angular moment J. The exploration of novel phases formed by such spin-orbital entangled objects through exchange and other interactions is attracting considerable interest, and 5d
perovskite-related oxides with only t2g electrons are particularly promising. The expected phases include a topological quantum liquid [1] , a two-dimensional Heisenberg magnet [2] and an excitonic magnet [3] . A particularly well-studied class of such materials is the Ir 4+ perovskite-related oxides with five t2g electrons, in which the spin-orbital entangled Jeff = 1/2 doublet behaves like an S = 1/2 moment. However, the underlying orbital degrees of freedom often give rise to non-trivial exchange couplings, resulting in unusual magnetic states.
Another interesting but not yet fully explored set of materials are the 5d 1 perovskite-related oxides, where the t2g electron carries the spin angular momentum S = 1/2 and effective orbital angular momentum Leff = 1. The strong spin-orbit coupling stabilizes the Jeff = 3/2 quartet against the Jeff = 1/2 doublet (Fig. 1b ) [4] [5] [6] and the one electron occupies the degenerate Jeff = 3/2 quartet. The pseudo-dipolar moment Jeff = 3/2 quartet has an interesting property as Jeff and Leff are not a real but an effective momentum; the expectation value of the magnetization <M> = <2S -Leff> for the ideal Jeff = 3/2 state is zero as a result of the cancellation of Leff = 1 with S =1/2, resulting in g = 0. The degeneracy of the Jeff = 3/2 quartet without magnetic dipolar moments, however, is still characterized by degenerate pseudo-dipolar moments jz = ±3/2 and ±1/2, which are accompanied by charge quadrupolar and magnetic octupolar moments. The jz = 3/2 state consists of dyz and dzx orbitals, whereas the dxy orbital is dominant in the jz = 1/2 state. The four-fold degeneracy is in contrast to the Jeff = 1/2 doublet state for 5d 5 ,
where only the Kramers degeneracy remains and g = 2 holds just like pure spin S = 1/2.
Ordering of the multipoles and the pseudo-dipolar moments, in the absence of magnetic dipolar moment, may be anticipated in Jeff = 3/2 quartet systems. The complete degeneracy of the Jeff = 3/2 quartet is realized when 5d 1 ions such as Os 7+ , Re 6+ , W
5+
and Ta 4+ are placed in highly symmetric and regular oxygen octahedra, as in the case in the cubic double perovskite oxides A2BB'O6. In cubic A2BB'O6, the transition metal B
ions are placed at the centers of regular oxygen octahedra and form a face-centered-cubic (FCC) sub-lattice. The orbital-dependent exchange interactions coupled with the geometrically frustrated FCC lattice are believed to give rise to a rich variety of ground states with ordering of multipolar and pseudo-dipolar moments [5] . In the strong spin-orbit coupling limit, variation of the electric quadrupolar interaction V and ferromagnetic exchange interaction J', relative to the antiferromagnetic exchange J, is expected to lead to either antiferromagnetic or (110)-ferromagnetic ground-state ordering of the pseudo-dipolar moments, with a possible charge quadrupolar ordering at intermediate temperatures. The possibility of pseudo-dipolar singlet dimer state was also discussed [6] .
The magnetic properties of 5d 1 double perovskite oxides such as Ba2NaOsO6 [7, 8] and Ba2MgReO6 [9, 10] have previously been investigated. A Curie-Weiss effective magnetic moment of 0.6-1.7 B are observed in the magnetic susceptibility (T), which is not very small but less than 1.7 B expected for pure S = 1/2 moment. The reduced size of the magnetic moment is consistent with the partial cancellation of the spin moment by the orbital moment. The incomplete cancellation is likely due to the strong hybridization of 5d states with O-2p states [5] . The large and uncompensated magnetic dipolar moments in 5d 1 double perovskite oxides show an ordering or a spin-glass freezing at low temperatures. For example, Ba2NaOsO6 exhibits a weak ferromagnetic ordering with a saturation moment of 0.2 B and (110) easy-axis. A recent NMR study indicates that the in-plane moments are canted around the (110) axis in the ferromagnetic phase, with an angle close to that expected for the (110) ferromagnetic phase in the theoretical phase diagram [8] . Clear signature of the electric-quadrupolar ordering that is predicted to occur at intermediate temperatures in the presence of a sizable quadrupolar interaction have not been unambiguously identified. In particular no structural phase transition has been reported above the magnetic ordering temperature. However, a change of the NMR spectra in Ba2NaOsO6 [8] and an anomaly in the heat capacity in Ba2MgReO6 [10] may be indicators of quadrupolar ordering.
We have been exploring new 5d 1 compounds that clearly show the effect of strong spin-orbital entanglement, for example by an almost complete suppression of the magnetic dipolar moment and the existence of multipolar ordering. Our strategy was to reduce the d-p hybridization, which drew our attention on chloride family A2TaCl6 (A = Cs, Rb, K) [11, 12, 13] . These materials have a cubic crystal structure closely related to that of double perovskite oxides A2BB'O6 at room temperature. By rewriting A2TaCl6 as A2Ta□Cl6, it is clear that B' in A2BB'O6 is a cation vacancy □ and that O is replaced with Cl. 5d 1 Ta 4+ ions are at the center of regular and highly symmetric Cl6-octahedra and form a FCC sub-lattice as in double perovskite oxides (Fig. 1a) .
In this paper, we show that the effective magnetic moment of 5d 1 
electrons in A2TaCl6
(A = Cs, Rb, K) is almost completely suppressed, as expected for the pure Jeff = 3/2 state.
In Cs2TaCl6 and Rb2TaCl6, two consecutive transitions are observed with only a very weak magnetic signature but with a large total entropy change close to Rln4. The high-temperature transition is accompanied by a tetragonal distortion of the TaCl6 octahedra. We ascribe the two transitions to the hidden ordering of charge quadrupoles at a high temperature and pseudo-dipolar moments with magnetic octupoles at low temperature in the absence of magnetic-dipoles.
The Jeff = 3/2 ground state is evidenced by the local electronic excitation observed in Ta L3-edge resonant inelastic X-ray scattering (RIXS). The RIXS spectrum of Rb2TaCl6
( 
(T).
The deviation below 30 K is related to the phase transition at TQ which will be described later.
The intrinsic Curie-Weiss contribution can be analyzed by fitting the susceptibility with χ(T) = χ0 + C/(T -Θ), where C, Θ and χ0 are the Curie-constant, the Curie-Weiss temperature and the temperature independent constant (Table 1) . Assuming χ0 = χcore + χVV and taking the core diamagnetism χcore from the literature [14] , the Van-Vleck susceptibility χVV was estimated for Cs, Rb and also K compounds, and agrees well between the three compounds. This is reasonable as χVV originates predominantly from The substantially reduced moment, as compared with those of 5d 1 double perovskite oxides, should reflect the very small hybridization with ligands expected for the chlorides. The effect of hybridization is described by a parameter γ, which multiplies the Leff = 1 component, giving g = 2(1 -γ)/3 [15] . The observed effective dipolar moments (peff) yield geff = 0.13 (0.14), which yield γ = 0.81 (0.79) for Cs2TaCl6, (Rb2TaCl6) ( Table 1 ), indicating that as much as 80% of the orbital moment compensates the spin moment. We note that, even for Ba2NaOsO6 with the minimum effective moment among 5d 1 double perovskite oxides known so far, γ is as small as ~ 0.5 [15] .
As seen from These magnetically almost-hidden two anomalies are found to be accompanied by a large entropy change of Rln4, which corresponds to the lifting of the full degeneracy of the Jeff = 3/2 quartet. In Fig. 2b , we show the temperature dependence of electronic specific heat Cel(T)/T for Cs2TaCl6. The lattice specific heat for Cs2TaCl6 was estimated from its 5d 0 analogue Cs2HfCl6 and the C(T)/T of Cs2HfCl6 was multiplied by a constant such that it agrees with that of Cs2TaCl6 above 50 K (blue line in Fig. 2b ). An appreciable electronic contribution Cel(T)/T can be seen below T ~ TQ but no clear anomaly is identified (Fig. 3a) . At TPD, a clear and sharp peak of Cel(T)/T is observed,
suggesting that the kink of (T) at TPD corresponds to a well-defined phase transition.
The electronic entropy Se(T) is close to Rln2 above T ~ TPD, meaning that the transition
at TPD quenches the entropy of Rln2. With further increasing temperature above TQ, the electronic entropy appears to be approaching to Rln4, the full entropy of the Jeff = 3/2 quartet. At 40 K, the entropy recovers more than 80% of Rln4.
The higher-temperature anomaly at around TQ is very weak and hard to identify even in Cel(T)/T. We nevertheless find clear evidences for a structural phase transition from a cubic to a compressed tetragonal at T ~ TQ, which means that j z = ±1/2 states with a quadrupolar moment are selected out of the Jeff = 3/2 manifold and that there is a ferro-quadrupolar ordering at TQ ~ 35 K. Figure 3b shows the (004) Bragg peak profile of x-ray powder diffraction in the cubic structure of Cs2TaCl6 at different temperatures.
With lowering temperature, the peak broadens and splits into two peaks below 35 K, indicating a phase transition from cubic to tetragonal. The result of refinement of the powder pattern collected at 4 K was fully consistent with the space group of I4/mmm and the tetragonal lattice constants aT = 7.2893(5) Å and c = 10.160(1) Å. Note that aT corresponds to ~ 1/√2 of the cubic lattice constant a, giving rise to c/(√2aT) ratio of 0.985. In the tetragonal phase, all the TaCl6 octahedra are uniformly compressed along the c-axis and expanded within aT-plane, resulting in two distinct axial and equatorial Ta-Cl bond lengths of 2.435(15) and 2.535(7) Å. (Fig. 3d and Table 2 ). The structural phase transition seen from the temperature dependence of c/(√2aT) (Fig. 3a) appears to be very broad, supportive of the substantial fluctuation inferred from the electronic specific heat. The 35 Cl-NMR powder-pattern spectrum of the central resonance line, which is broadened by second-order perturbation of the nuclear quadrupolar splitting (Fig. 3c ), is consistent with the tetragonal distortion of TaCl6 octahedra. As long as the Cl site retains a four-fold rotational symmetry, two peaks appear at the edges. This is certainly observed at 40 K, but additional two peaks appear at 10 K (arrows in the Fig.   3c ), indicating two crystallographically different Cl sites at axial and equatorial positions.
The transition at TPD, which is better defined than the quadrupolar ordering at TQ, can be ascribed to the ordering of jz = ±1/2 pseudo-dipolar moments with magnetic octupoles.
Since the octupoles are coupled to the small, uncanceled, real dipolar moments, which order antiferromagnetically, this transition can be observed in (T). In accordance with this, we observe a pronounced broadening of both 133 Cs-and 35 Cl-NMR spectra below TPD as shown in Fig. 3c , indicative of the appearance of small and inhomogeneous internal magnetic fields. Note that the sharp specific heat peak at TPD carries the entropy of Rln2, fully consistent with lifting the degeneracy of jz = ±1/2 doublet.
K2TaCl6, which has a much smaller A-ion, has the same cubic structure as Cs2TaCl6 and (Fig. 4a) , which is much higher than those of the other compounds and, more importantly, than the Curie-Weiss temperature Θ. This means that a factor other than the exchange interactions between the pseudo-dipolar moments dominates the transition at TS. On further cooling, χ(T) exhibits a pronounced anomaly at TM = 15 K, below which the system is weakly ferromagnetic. In the magnetization curve at 2 K, we observe the typical behavior of a weak ferromagnet, with a saturation moment of ~ 0.02 μB/Ta and hysteresis (Fig. 4c) . [17] . The large ionic size mismatch in K2TaCl6 should destabilize the cubic structure and brings about the qualitatively different tetragonal distortion at much higher temperature, independent of pseudo-dipolar interactions.
It may be informative to compare the results for the 5d 1 Ta chlorides with the theoretically proposed phase diagram for 5d 1 system. The theoretical work of Chen et al.
[5] determined the ground-state phase diagram as a function of the quadrupolar interaction, the ferromagnetic exchange interaction and the antiferromagnetic exchange interaction, and also the evolution of the ordered phases as a function of temperature. In the presence of a sizable quadrupolar interaction, they find a wide region in which the first transition on lowering the temperature is to a jz = 1/2-like state with dominant xy character. On further reduction of the temperature, the strength of the ferromagnetic interaction determines whether the quadrupolar state has a first-order transition to an antiferro pseudo-dipolar state with jz = 3/2, or a second-order transition to a (110) ferro pseudo-dipolar state consisting of a superposition of jz = 1/2 and jz = 3/2 and accompanied by magnetic octupoles.
Our observation of high-temperature quadrupolar ordering to the jz = 1/2 state is fully consistent with the theoretical results, which may indicate the presence of sizable quadrupolar interactions in Cs2TaCl6 and Rb2TaCl6. We also observe a pseudo-dipolar ordering at lower temperature as in the theoretical results. The observed behavior of the pseudo-dipolar ordered state, however, is not fully consistent with those expected for the two theoretically proposed ground states, the antiferro-pseudo-dipolar state and the (110) ferro-pseudo-dipolar state. In the theory, the transition to the antiferro-pseudo-dipolar state is a first-order transition to the pure jz = 3/2 state, which should drive a discontinuous jump from compressed to elongated octahedra. In the experiments, the transition at TPD appears not to be a first order and no anomaly in the c/aT ratio, a measure of the distortion of the octahedra, is observed, although the structural data well below 5 K is not available. This excludes the possibility of transition to the antiferro-pseudo-dipolar state. The theoretical transition to the (110) ferro-pseudo-dipolar state is a second order transition, accompanied by a weak ferromagnetic moment originating from uncanceled dipolar moment and a gradual mixing of a jz = 3/2 component. This should be experimentally observable as a reduction of the compression of octahedra below TPD. We observe neither the appearance of the ferromagnetic moment nor the suppression of the structural compression below TPD ~ 5 K, which excludes also the possibility of (110) ferro pseudo-dipolar state.
We suggest that the coupling of quadrupoles with the lattice plays a crucial role here.
The compression of octahedra below TQ should further stabilizes the jz = ±1/2 state energetically. This may suppress the switching to or the mixing of the jz = 3/2 state, constraining the pseudo-dipolar ordering within the jz = ±1/2 subspace. Such situation is treated separately as easy-plane anisotropy limit in the Ref. [5] . The ground state is predicted to be antiferro-pseudo-dipolar ordering of jz = ±1/2 state. The ground state of the S = 1/2 FCC lattice model with uniform tetragonal distortion, which may describe the ordering pattern of jz = ±1/2 pseudo-dipolar moments in Cs2TaCl6, is studied in Ref. [18] . In summary, we discovered that a family of 5d 1 chlorides A2TaCl6 (A = Cs, Rb, K) is an ideal arena to explore the exotic state of spin-orbital entangled objects. With the interplay of strong spin-orbit coupling of 0.3 eV, symmetric octahedral environment and strong ionicity, an almost ideal Jeff = 3/2 state of 5d 1 electrons is realized in these chlorides. We have shown that these chlorides realize an almost "zero" magnetic dipolar moment system and that the degeneracy of the Jeff = 3/2 quartet is therefore characterized by the charge quadrupolar and the pseudo-dipolar moments. These spin-orbital entangled objects were found to interact with each other weakly on an energy scale of a few tens of kelvin. In Cs2TaCl6 and Rb2TaCl6, the weak interaction gives rise to a charge quadrupolar transition with pronounced fluctuations at TQ ~ 35 K and ~ 45 K and a pseudo-dipolar transition at TPD ~ 5 and 10 K, respectively. The transition at TQ is accompanied with a structural phase transition to tetragonal phase, indicative of ferro-ordering of jz = ±1/2 quadrupoles. The ordered state of pseudo-dipoles below TPD is qualitatively different from those theoretically proposed, very likely due to the coupling with the lattice. In K2TaCl6, a lattice instability lifts the degeneracy of the Jeff = ±3/2 quartet, which appears to give rise to a distinct pseudo-dipolar ordering from those of Cs2TaCl6 and Rb2TaCl6. The full determination of an ordered structure of the pseudo-dipoles would help in understanding the interactions between the spin-orbital entangled objects at the microscopic level.
Table1: Effective magnetic moment (peff), Weiss temperature (Θ) and temperature independent constant (χ0) obtained from the Curie-Weiss fitting of magnetic susceptibility data. Effective g-value is obtained from the relation peff = geff√J(J + 1) and J = 3/2. Van-Vleck paramagnetic susceptibility (χVV) is obtained from χ0 = χcore + χVV, where the χcore is calculated from Ref. [14] . Single crystal X-ray structure determination Crystals of K2TaCl6 suitable for single crystal X-ray diffraction (SXRD) were mounted with some grease on a loop made of Kapton foil (Micromounts, MiTeGen, Ithaca, NY).
Diffraction data were collected at 298 and 100 K with a SMART APEX-I CCD X-ray diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with a Cryostream 700
Plus cooling device (Oxford Cryosystems, Oxford, U.K.). The collection and reduction of data were carried out with the Bruker Suite software package [21] . The intensities were corrected for absorption effects applying a multi-scan method with Sadabs [23] or
Twinabs [22] . The structure was solved by Direct Methods and refined by full matrix least-squares fitting with the Shelxtl software package [24, 25] . Experimental details of data collection and crystallographic data are given in the supplementary information. 
Resonant inelastic x-ray scattering
The resonant inelastic x-ray scattering (RIXS) measurement at Ta L3-edge was performed on A2TaCl6 powder samples at BL11XU SPring-8. The incident x-ray was monochromatized by a double-crystal of Si(111) monochromator and by a secondary 4-bounce Si(333) asymmetric monochromator. The scattering x-ray was analyzed by Ge(840) diced and spherically-bent analyzer and collected by Mythen microstrip x-ray detector (Dectris). The total energy resolution was ~90 meV. Since the A2TaCl6 samples are air-sensitive, they were sealed in a quartz capillary together with helium gas.
The measurements were performed at 10 and 300 K.
Nuclear Magnetic Resonance Measurements
NMR measurements have been carried out with a standard coherent pulsed spectrometer. The gyromagnetic ratio for 133 Cs used to determine the Knight shift is 5.5843794 MHz/T. Because of the cubic symmetry, quadrupole splitting of the 133 Cs NMR (nuclear spin I = 7/2) is negligibly small (Fig. 2c) . However, 35 Cl NMR (I = 3/2) spectrum for the less symmetric Cl site is widely broadened with the second-order splitting (Fig. 3c) , due to large electric field gradients.
Crystal data and structure refinement data of K2TaCl6 at 298 and 100 K x-ray absorption and RIXS spectra at Ta L3-edge for K2TaCl6 Figure S1a shows the x-ray absorption spectra (XAS) of K2TaCl6 and Rb2TaCl6 at Ta L3-edge collected by fluorescence mode at room temperature. The peak of white line appears around 9.88 keV in both samples. Figure S1b presents the incident x-ray energy dependence of RIXS spectra in K2TaCl6 at room temperature. The measurements were performed with the low-energy resolution setup using Si(444) channel-cut monochromator as a secondary monochromator (the total energy resolution was ~ 150 meV). In addition to the elastic peak centered at 0 eV, there are two prominent features at 0.4 eV and 3.2 eV. The latter peak got stronger when the incident energy is tuned to the peak of XAS, indicating that it corresponds to the local t2g to eg excitation of Ta 5d electron (10 Dq). On the other hand, by reducing the incident energy about 3-4 eV from the peak energy, the low-energy feature around 0.4 eV was enhanced. This suggests that the 0.4 eV peak represents an excitation within the t2g manifold, most likely originating from the Jeff = 3/2 to Jeff = 1/2 excitations. Since the excitation was of most interest, we fixed the incident energy at 9.877 keV where the low-energy excitation became most pronounced, for the high-resolution measurements displayed in Fig. 1c and Fig. S1c . In the high-resolution measurements, we did not see a clear difference of spectra between 10 K and 300 K. This indicates that the magnitude of split in the Jeff = 3/2 manifold is below the current energy resolution (~ 90 meV). 
